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ABSTRACT

The goal of the National Oceanic and Atmospheric Administration’s (NOAA) Warn-on-Forecast (WoF)
program is to provide frequently updating, probabilistic model guidance that will enable National Weather
Service (NWS) forecasters to produce more continuous communication of hazardous weather threats (e.g.,
heavy rainfall, flash floods, damaging wind, large hail, and tornadoes) between the watch and warning tem-
poral and spatial scales. To evaluate the application of this WoF concept for probabilistic short-term flash
flood prediction, the 0-3-h rainfall forecasts from NOAA National Severe Storms Laboratory’s (NSSL)
experimental WoF System (WoFS) were integrated as the forcing to the NWS operational hydrologic
modeling core within the Flooded Locations and Simulated Hydrographs (FLASH) system. Initial assessment
of the potential impacts of probabilistic short-term flash flood forecasts from this coupled atmosphere—
hydrology (WoFS-FLASH) modeling system were evaluated in the 2018 Hydrometeorology Testbed Multi-
Radar Multi-Sensor Hydrology experiment held in Norman, Oklahoma. During the 3-week experiment
period, a total of nine NWS forecasters analyzed three retrospective flash flood events in archive mode. This
study will describe specifically what information participants extracted from the WoFS-FLASH products
during these three archived events, and how this type of information is expected to impact operational
decision-making processes. Overall feedback from the testbed participants’ evaluations show promise for the
coupled NSSL WoFS-FLASH system probabilistic flash flood model guidance to enable earlier assessment
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and detection of flash flood threats and to advance the current warning lead time for these events.

1. Introduction

The National Oceanic and Atmospheric Administration
(NOAA) National Severe Storms Laboratory’s (NSSL)
Warn-on-Forecast program (WoF; Stensrud et al. 2009,
2013) is developing a frequently cycled, probabilistic,
convective-scale, numerical weather prediction (NWP)
model-based ensemble system, which is referred to as
the Warn-on-Forecast System (WoFS). The vision of the
WoF program is to fill the gap in forecasters’ current
watch-to-warning paradigm for severe thunderstorm,
tornadoes, heavy rainfall, flash floods and other
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hazardous weather, where guidance from NWP models
currently play a less significant role. The watch typically
covers an area of about 65000km? and issued for a du-
ration of approximately 4-8h whereas the warning
typically covers about 1500 km? for a duration of ~1-2 h.
The frequently updated WoFS ensembles are post-
processed to provide probabilistic forecast guidance,
which is anticipated to enhance forecasters’ abilities to
provide a more continuous flow of probabilistic fore-
casts for high-impact weather between the watch and
warning spatial and temporal scales. This guidance
supports the concepts of the Forecasting a Continuum of
Environmental Threats (FACETs) program (Rothfusz
et al. 2018), which aims to modernize the current
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National Weather Service (NWS) watch and warning
system with a more continuous flow of probabilistic
hazard forecasts on increasingly fine spatial and tem-
poral scales. This modernization is expected to better
support weather-related decisions for a variety of
end users.

Several recent studies demonstrate the potential of
the WoFS in forecasting skillful 0-3-h heavy rainfall
with reasonable accuracy in areal coverage and amount
(Yussouf et al. 2016; Lawson et al. 2018; Yussouf and
Knopfmeier 2019). While severe thunderstorm and
tornado forecasts depend on modeling of atmospheric
variables (Wheatley et al. 2015; Yussouf et al. 2015;
Skinner et al. 2016, 2018), flash flooding forecasts de-
pend on both atmospheric and hydrological conditions
(Doswell et al. 1996; Davis 2001; Sorooshian et al. 2008).
The hydrologic response of the watershed where heavy
rainfall accumulates must be considered when fore-
casting flash flooding. It is therefore critical to integrate
the quantitative precipitation forecasts (QPFs) from an
atmospheric model as a forcing to a distributed hydro-
logic model for generating surface water and routing
stream discharge products to produce explicit flash flood
forecasts (Brown et al. 2012; Vincendon et al. 2011;
Hardy et al. 2016; Amengual et al. 2017). The current
state-of-the-art distributed hydrologic models use rain-
fall observations as the forcing mechanism to predict
deterministic stream discharge products (Devi et al.
2015). One example of this is the NSSL Flooded
Locations and Simulated Hydrographs (FLASH;
Gourley et al. 2017) system that generates deterministic
stream discharge products using the Multi-Radar Multi-
Sensor (MRMS) quantitative precipitation estimate
(QPE) as a forcing mechanism (Zhang et al. 2016). The
successful evaluation of the deterministic flash flood
products from the FLASH system during the 2014-16
MRMS Hydrometeorology Testbed-MRMS Hydrology
(HMT-Hydro) experiment (Martinaitis et al. 2017) re-
sulted in the transition of the FLASH suite to the
National Centers for Environmental Prediction (NCEP)
in 2018. The FLASH products are used routinely in
NWS weather forecast offices and at the NWS Weather
Prediction Center for flash flood monitoring, detection,
and decision making. However, the operational FLASH
products neither provide probabilistic information to
communicate the uncertainty associated with the fore-
cast, nor do they provide significantly longer flash flood
forecast lead time. Therefore, to extend the hydrome-
teorological forecast lead time beyond the watershed
response time, it is prudent to explore the use of short-
term quantitative precipitation forecasts (QPFs) from
NWP models as a forcing to the hydrologic model
(Hardy et al. 2016, and references therein). Given the
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ability of the WoFS to predict high-resolution, short-
term, convectively driven rainfall forecasts with similar
spatial and temporal scale modeling in the FLASH
system, the QPFs and probabilistic QPFs (PQPFs) from
the WoFS can be used as a forcing pathway for ex-
tending lead times in flash flood forecasting.

The potential application of WoFS 0-3-h ensemble
QPFs for flash flood prediction was analyzed during the
2018 HMT-Hydro experiment that was held in Norman,
Oklahoma (OK). This experiment was the first attempt
to couple an atmospheric and a hydrologic ensemble
system for probabilistic flash flood forecasts at the storm
scale. This system is referred to as the WoFS QPF-
forced FLASH system (WoFS-FLASH). The HMT-
Hydro experiment ran for 3 weeks, starting on 25 June
and ending on 20 July 2018 with a 1-week break in be-
tween. A total of nine participants from the NWS par-
ticipated in the evaluation activities. Activities each
week consisted of 2 days of real-time experimental
warning operations and 2 days of WoFS case study
analysis. Three retrospective flash flood events were
analyzed during the 2 days of case study activities to
assess the potential operational impacts of ingesting
WOoFS QPFs into the flash flood prediction process. The
testbed participants assessed flash flood threats for both
deterministic and probabilistic flash flood products using
three data conditions: 1) deterministic flash flood prod-
ucts from QPE-forced FLASH system, 2) probabilistic
flash flood products from QPE-forced FLASH, and 3)
probabilistic flash flood guidance from WoFS-FLASH.
Comparisons between participants’ assessments of the
flash flood threat for the three data conditions were
qualitatively analyzed to assess how each data condition
contributed to participants’ interpretation and expec-
tations for flash flooding events. Additionally, on the last
day of each experiment week, participants contributed
to a focus group discussion to share overall impressions
on the usefulness of the probabilistic forecast guid-
ance for flash flood decisions making. This paper will
describe a first assessment for how the WoFS-FLASH
modeling system performed, and how forecasters envi-
sion the resulting products will impact their under-
standing and subsequent decision making for flash
flooding events.

2. Methods
a. The experimental WoFS

The experimental WoFS (Yussouf et al. 2015, 2016;
Wheatley et al. 2015; Jones et al. 2016; Yussouf and
Knopfmeier 2019) used in this study is a 36-member
Advanced Research version of the Weather Research
and Forecasting (WRF-ARW; Skamarock et al. 2008)

020z 1snBny || uo Jesn Aieiqr [eausD YVYON Aq Jpd L™ LEL0-6L-P-WUl/L96€ L61/EZ L/ L/1.Z/4Pd-8oie/wyl/Bio 00s)owe s|eulnol//:dny woly pepeojumoq



JANUARY 2020

SFLASH

Fooded Locations and Simulated Hydrographs Project

Precipitation observations Precipitation forecasts

@WRMS 4/

multi-radar multi-sensor

31 May 2013 OKC, OK

19 May 2017 Davis, OK

26 August 2017 Hurricane Harvey

YUSSOUF ET AL. 125

Evaluation and Feedback

FIG. 1. Schematic of the experiment design: (a) MRMS QPE and WoF QPF from the three archived cases
integrated into (b) the FLASH EFS5 system and (c) the probabilistic flash flood products are evaluated at the 2018

HMT-Hydro experiment.

Model-based ensemble data assimilation and predic-
tion system. The WoFS domain covered a ~900-km
wide region at 3-km horizontal grid spacing and was
centered over the region where the hazardous weather
was anticipated. There are 51 vertical grid levels that
extend from the surface to 10hPa at the top. All en-
semble members utilized the NSSL 2-moment micro-
physics parameterization and the Rapid Refresh (RAP)
land surface model, but the planetary boundary layer
(PBL) and radiation physics options were varied
among the ensemble members to address uncertainties
in model physics. The WoFS used the experimental
High-Resolution Rapid Refresh (HRRR) ensemble
(HRRRE; Dowell et al. 2016) developed by Earth
System Research Laboratory’s Global System Division
for initial and boundary conditions. Once initialized
from the HRRRE, the WoFS was cycled every 15 min to
assimilate all available storm observations into the sys-
tem, including MRMS radar reflectivity (Smith et al.
2016) and Level II radial velocity data, cloud water path
retrievals from the satellite, and conventional observa-
tions (e.g., Meteorological Aerodrome Reports, Automated
Surface Observing Systems, radiosonde, aircraft, ma-
rine, and mesonet). Observations were assimilated us-
ing the Community Gridpoint Statistical Interpolation
(GSI; DTC 2017a), ensemble Kalman filter (EnKF;
Whitaker et al. 2008; DTC 2017b) data assimilation
(DA) technique and thus provided the capability to
update the ensemble probabilistic model guidance on a
15-min basis. For each of the three flash flood events, the

0-3-h WoFS forecasts were generated at the top of each
hour for the duration of the evaluation period. The
WOoFS ensemble files were created at 5-min intervals and
the rainfall forecasts from each of the ensemble mem-
bers were used as a forcing to drive the experimental
probabilistic FLASH system (Figs. 1a,b).

b. The FLASH system

FLASH’s hydrologic modeling core—referred to as
the Ensemble Framework for Flash Flood Forecasting
(EF5)—was employed for the forward simulation of
surface flow rates. EFS features multiple physical rep-
resentations of the rainfall-runoff process to generate
products relevant to the occurrence of flash floods
including maxima of streamflow, unit streamflow
(streamflow normalized by upstream drainage area),
and soil saturation. For this particular study, an adap-
tation of the water balance component of the Coupled
Routing and Excess Storage (CREST; Wang et al. 2011)
and the kinematic wave approximation of the Saint-
Venant equations of one-dimensional open channel flow
within EF5 were used.

MRMS radar-only QPE is used to force all three data
conditions up to analysis time to update the hydrologic
model’s initial conditions for each new forecast. For
conditions 1 and 2, no precipitation is available to the
hydrologic model beyond analysis time such that the
flash flood forecast is only based on the hydrologic re-
sponse to past precipitation. However, for condition 3,
the 3-h rainfall forecast from WoFS is used to force the
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FLASH system out to 3h beyond the analysis time for
conditions 1 and 2. The flash flood forecast for condition
3 is based on the hydrologic response beyond the
third hour.

The flash flood forecast cycling for all experiments and
conditions mimicked that of the operational FLASH
system: a new hydrologic forecast out to 12h at a 5-
min time step was launched every 10min and pro-
duced maxima of streamflow, unit streamflow, and
soil saturation. The resulting deterministic products
(condition 1) are input to a postprocessing algorithm
based on the statistical analysis of conditional distri-
butions of measured streamflow to generate the proba-
bilistic FLASH forecasts in condition 2. Condition 3
utilized the 36 individual WoFS ensemble members to
generate probabilistic FLASH forecasts. All 36 ensem-
ble member WoFS QPFs are ingested in the EF5, which
results in 36 forecasts of maximum unit streamflow
[described in section 2¢(4)]. Each of these 36 maximum
unit streamflow forecasts goes into the postprocessing
algorithm to produce a singular mean output of the
different probabilistic FLASH products. The probabi-
listic product suite from FLASH using WoFS was
then placed into the Advanced Weather Interactive
Processing System (AWIPS) in a similar format to
accessing NWP model parameters and forecasts within
the user interface.

¢. Deterministic and probabilistic gridded flash flood
products

The testbed participants evaluated a series of QPE
comparison products as well as gridded determinis-
tic and probabilistic flash flood products from the
FLASH hydrologic system for each of the three ar-
chived case studies. The gridded flash flood products
were created from the CREST model at 0.01° X 0.01°
(approximately 1 km X 1km) grid spacing and at a 10-
min temporal resolution. The baseline products con-
sisted of MRMS reflectivity, radar-only QPE, and
QPE comparisons such as the QPE-to-FFG (flash
flood guidance) ratio and QPE average recurrence
interval. The maximum unit streamflow from the
QPE-FLASH system is used as the benchmark de-
terministic hydrologic model product. To evaluate the
probability of flash flood occurrence, four experi-
mental exceedance probability products were used.
These include the probability of receiving a flash flood
report and the probability of exceeding maximum unit
streamflow values to determine minor, moderate,
and major flash flooding potentials. These probabi-
listic products were used to compare the QPE-forced
FLASH to the WoFS-FLASH system. A depiction of
the primary products used to evaluate the relative
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performance of the three different conditions is pro-
vided in Figs. 2a-h.

1) MRMS RADAR-ONLY QPE

The MRMS system uses radar, surface, and satellite
observations, NWP models, and precipitation clima-
tologies to generate very high resolution QPE (Zhang
et al. 2016). This study utilized the radar-only QPE
instantaneous rain rates. These rates are generated by
the mosaicking of quality-controlled radar reflectivity
that mitigate the impacts of nonmeteorological echoes,
bright banding, beam blockages, and other artifacts.
These radars are seamlessly blended based on the
weighting of various vertical reflectivity data with re-
spect to the ground level and the freezing level. The final
seamless reflectivity mosaic is then translated into pre-
cipitation rates based on a surface precipitation type
classification scheme allowing for a unique reflectivity—
rain rate relationship to be applied to each grid cell. The
2-min radar-based QPE products are aggregated to 1-h
accumulation period (Fig. 2a). Depending on the users’
need, the MRMS QPE products can be aggregated to
longer accumulation time periods (e.g., 3, 6,12, and 24 h)
and these products are used in operations by the NWS
and other government agencies.

2) QPE-TO-FFG RATIO

The QPE-to-FFG ratio shows the magnitude to
which the estimated rainfall may exceed the amount of
rainfall required to bring the river up to, and possibly
beyond, bankfull conditions (Fig. 2b). This product
compares the MRMS radar-only QPEs to corre-
sponding FFG (Sweeney 1992; Clark et al. 2014)
values at the MRMS spatiotemporal resolution
(Gourley et al. 2017). FFG values are generated at
each NWS river forecast center (RFC) which is then
mosaicked and delivered by Weather Prediction Center
(WPC). There are no local NWS office enhancements of
the FFG values accounted for in this FFG field. This
ratio is calculated for 1-, 3-, and 6-h rainfall accumula-
tion periods.

3) QPE AVERAGE RECURRENCE INTERVAL

The QPE average recurrence interval (ARI) prod-
uct is used to identify the potential rarity of rainfall
in a given location. It is a comparison of the MRMS
radar-only QPE to the NOAA Atlas 14 precipitation
frequency values (Perica et al. 2013). Greater return
periods indicate more significant events. Although the
product does not have a direct relationship with flash
flooding, it can provide an estimate on the rarity of the
precipitation event. This product is calculated for 30-
min and 1-, 3-, 6-, 12-, and 24-h accumulation periods
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a) MRMS radar-only QPE b) MRMS QPE-to-FFG ratio

¢) QPE Avg. Recurrence Interval

I T - e R

EE 0 EE K O EmagE :
0 .1.25 5751125151752 253 4 6 8 12in o 50 100 150 200 250 300 400 500% 0510 25 50 75 100 150 200 yr

f) Prob. of minor flash flooding

d) FLASH max unit streamflow (Prob_USF Minor)

e) Prob. of receiving a LSR

e oo co— P " o 0 | GESEE  Swee = Soocmd

W7 K 0 E B B @ 5
0 200 400 600 1000 2000 cfs/smi 0 10 20 30 40 50 60 70 80 90 100 % 0 10 20 30 40 50 60 70 80 90 100 %

g) Prob. of mod. flash flooding h) Prob. of major flash flooding
Prob_USF_Mod Prob_USF_Major

Lo I E B E o comig | DmmECE B B B 0 GEmeg
0 10 20 30 40 50 60 70 80 90 100% 0 10 20 30 40 50 60 70 80 90 100%

FIG. 2. The (a) 1-h accumulated MRMS radar-only QPE (in.), (b) 1-h MRMS QPE-to-FFG ratio (%), (c) QPE average recurrence
interval (yr), (d) FLASH maximum unit streamflow (m®>s~!km2), (e) probability of receiving a LSR (Prob_LSR), and probability of
exceeding (f) 2m> s~ km 2 unit streamflow (Prob_USF_Minor; minor flash flood), () 5m®s ™! km 2 unit streamflow (Prob_USF_Mod;
moderate flash flood), and (h) 10 m® s~ ' km ™2 unit streamflow (Prob_USF_Major; major flash flood). The plots shown here are from the
Murray and Carter Counties, OK, flash flood event (valid 0100 UTC 20 May 2017).

and is also generated at the MRMS spatiotemporal Gourley et al. 2017; Martinaitis et al. 2017). The maxi-
resolution (Fig. 2¢). mum unit streamflow (m®s~'km~?) is computed by
taking the maximum streamflow throughout the fore-
cast period and then dividing this number by the up-

Maximum unit streamflow is a deterministic hydro- stream drainage area. An area of contiguous grid
logic product that is used to diagnose areas of flash points with high values of maximum unit streamflow is
flooding potential, as well as to identify the relative se- usually a cause for concern for flash flooding threat.
verity of the potential flash flooding impacts (Fig. 2d; This product can be used to visualize stream and river

4) MAXIMUM UNIT STREAMFLOW
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networks and to identify broad areas where land sur-
face areas are being inundated.

5) PROBABILITY OF RECEIVING A FLASH FLOOD
LOCAL STORM REPORT

The probability of receiving a flash flood local
storm report (LSR; Prob_LSR) is based on a statis-
tical analysis of flash flood reports from the NWS
Storm Data and their associated CREST maximum
unit streamflow values (Fig. 2e). An area of contigu-
ous grid points with high values of Prob_LSR can be
used to diagnose areas of flash flooding potential. A
single or a handful of isolated grid points with higher
probability values may not be indicative of a flash
flooding threat.

6) PROBABILITY OF EXCEEDING MAXIMUM UNIT
STREAMFLOW VALUE

The exceedance probabilities for three maximum
unit streamflow thresholds are calculated and used as
proxies for flash flood severity ranging from minor
to major flash flooding. These threshold values are se-
lected based on statistical analysis and derived proba-
bility distribution functions. The probabilities of
exceeding maximum unit streamflow of 2m’s™ ' km 2
(183ft*s 'mi~?),5m>s 'km 2 (457.5ft>s ' mi~?), and
10m®*s~'km ™2 (915ft*s~ ' mi~?) are used as proxies for
minor flash flooding (Prob_USF_Minor; Fig. 2e), mod-
erate flash flooding (Prob_USF_Mod; Fig. 2f), and major
flash flooding (Prob_USF_Major; Fig. 2g), respectively.

d. Forecaster evaluations

Nine NWS forecasters viewed the flash flood fore-
cast products for three cases (described in section 3) in
playback mode using the Weather Event Simulator
(WES) in AWIPS-II. These products were viewed
through a series of three data conditions. Condition 1
was based on deterministic flash flood forecast guid-
ance from the QPE-FLASH system, condition 2 was
based on probabilistic forecast guidance using QPE-
forced FLASH, and condition 3 was based on the
probabilistic forecast guidance using WoFS-FLASH.
Products made available in condition 1 are currently
used in NWS operations and therefore provided a
reference benchmark to evaluate the impact of con-
ditions 2 and 3. Guidance was valid only at the top of
the hour for conditions 1 and 2, while forecast guid-
ance was valid at the top of the hour and out to the
next 3h for condition 3. Working independently and
at their own pace, participants cycled through viewing
the three data conditions and assessed the potential
flash flood threat.
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A data collection tool was used to guide partici-
pants’ evaluations of the three data conditions during
every hour of the weather scenario. For both condi-
tions 1 and 2, participants were asked three questions:
1) what is your current understanding of the flash
flood threat, 2) what information did you extract from
these products, and 3) would you have taken any ac-
tion (by issuing an advisory, warning, follow-up state-
ment, etc.) at this time based on these products? These
same questions were asked in condition 3, however
participants were asked to focus on times within the 3-h
forecast that were of most interest to them. Participants
were encouraged to use county names and/or cities to
identify different threat areas throughout their evalu-
ations. Evaluations provided qualitative descriptions
only and did not include the actual issuance of opera-
tional products (e.g., warnings).

Evaluations were first analyzed with respect to 1)
where participants chose to focus their attention (at a
county-level resolution) and 2) what their expected
actions were. Participants’ records of what locations
they were attending to and their expected actions
captured overall similarities and differences between
how they viewed and interpreted the flash flood
products while advancing through the three data
conditions. The information participants used to di-
rect attention and expected actions in the three data
conditions is discussed for each weather scenario.

3. Description of the flash flood events

a. Case 1: 19-20 May 2017 flash flood in Murray and
Carter Counties, Oklahoma

The area of interest for the 19-20 May 2017 event
focused on Murray and Carter Counties in south-central
OK (Fig. 3a). At around 1900 Coordinated Universal
Time (UTC), convection initiated in north Texas
and moved toward the northeast into south-central
OK. The WPC Mesoscale Precipitation Discussions
(MPD) highlighted the potential for 2—4in. of rain in
that area. The first flash flood was reported in Murray
County, OK, at 0155 UTC 20 May 2017 per NWS
Storm Data. Numerous roads and state highways were
flooded around the cities of Davis and Sulphur in
Murray County and Pooleville in Carter County, OK,
along with a report of water entering the basement
of a local elementary school. Falls Creek in Murray
County rose approximately 9 ft in 1h in response to
the heavy rainfall, which flooded all bridges at a local
campground. Participants focused on the time period
between 2000 UTC 19 May and 0300 UTC 20 May
2017 during the evaluation.
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b) Case 2: Oklahoma County, OK
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¢) Case 3: Hurricane Harvey over TX

a) Case 1: Murray & Carter Counties, OK

05 1 15 2 25 3 35 4 45 5 6 in.

Fi1G. 3. NCEP’s Stage IV 6-h rainfall totals (in.) valid at (a) 0200 UTC 20 May 2017, (b) 0200 UTC 1 Jun 2013, and (c) 0400 UTC 26 Aug
2017. The dashed black outline overlaid on each panel is the location of interest for the flash flood event.

b. Case 2: 31 May-1 June 2013 flash flood over
Oklahoma County, Oklahoma

A cluster of storms formed along a cold front in west-
central Oklahoma around 2130 UTC. The storm cell
that spawned the EF3 (on the Enhanced Fujita scale) El
Reno tornado in between 2303 and 2343 UTC moved
slowly toward the east while new convective cells
regenerated near the original initiation point. This back-
building storm system brought heavy rainfall to the
Oklahoma City (OKC) metropolitan area, resulting in
significant flash flooding during the evening of 31 May
and the early morning of 1 June 2013 (Fig. 3b). The first
flash flood was reported at 0100 UTC 1 June 2013 in
Oklahoma County. A total of 13 people were killed by
flash floods, including 12 people in OKC, making this
event the deadliest flash flood event in OKC history
(NWS 2015). Participants focused on the time period
from 2300 UTC 31 May to 0100 UTC 1 June 2013.

c. Case 3: 26 August 2017 flash flood from Hurricane
Harvey over Texas

Hurricane Harvey made landfall in the middle of the
Texas Gulf Coast as a category 4 hurricane at 0300 UTC
26 August 2017. Preceding and during landfall, the well-
formed rainband northeast of the eyewall positioned
itself over southeastern Texas and produced significant
rainfall. Harvey slowed considerably after landfall,
stalled over southeast Texas for several days, and pro-
duced over 50in. of rainfall resulting in historic and
deadly flash flooding. The torrential tropical rains im-
pacted the coastal counties of the Coastal Bend, as well
as the Victoria Crossroads region, and several flash flood
warnings (FFWs) were issued during the evening and

overnight hours. The participants focused on the time
period between 0000 and 0700 UTC on 26 August 2017
and evaluated the flash flood products for two main lo-
cations: the northern area where the outer rainbands
came onshore, and the southern area where the eyewall
made landfall (Fig. 3c).

Note that the areas of highest rainfall do not neces-
sarily coincide with areas of greatest flash flood impact.
Heavy rainfall is more likely to result in flash flooding
when it occurs in a flash flood—prone area or basin.

4. Results and discussions
a. Overall WoFS forecast quality

The WoFS ensemble probabilities of 0-3-h rainfall
forecasts exceeding 25.4 mm (1.0in.) for the three cases
were calculated at model grid points to highlight areas of
the most intense rainfall (Fig. 4). The 3-h rainfall totals
generated 100% probabilities for the dominant precip-
itation core at the observed NCEP Stage-IV rainfall
area with reasonable accuracy for all three cases. Most
of the NWS Storm Data flash flood reports valid within
the 3-h forecast time period were within the ensemble
probability envelope for case 1 and case 2 (Figs. 4 a,b).
The location and timing of the flash flood reports give an
idea of the areal coverage and timing where heavy
rainfall led to flash flooding. Even though the flash flood
reports from NWS Storm Data are useful for validating
ensemble-derived forecast products, subjectivity due to
the human element in the flash flood reporting process
must be taken into consideration when interpreting the
results. There were no flash flood reports during the
forecast time period for case 3 (Fig. 4c). There are a few
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FIG. 4. Ensemble-derived probability of 0-3-h rainfall forecasts greater than 1.0 in. (colors; 5% increment) valid at (a) 0200 UTC 20 May
2017, (b) 0200 UTC 1 Jun 2013, and (c) 0400 UTC 26 Aug 2017. The thick black contours overlaid are the Stage-IV 1.0-in. rainfall, and the
dashed gray outline overlaid on each panel is the location of interest for the flash flood event. The green dots are flash flood reports from

NWS Storm Data during the forecast time period.

areas where the WoFS indicates no rainfall forecast in
the observed location, for example, to the north of the
high rainfall core for the OKC flash flood event (Fig. 4b).
While rainfall probabilities were small over the outer
rainband (Fig. 4c) for Hurricane Harvey, the system was
able to capture the heavy rainfall generated from the
eyewall convection. The ensemble fractions skill score
(eFSS; Duc et al. 2013; Roberts and Lean 2008) is
computed for 0-3-h WoFS rainfall using neighborhood
widths 0of 0,9, 18, and 27 km (Fig. 5) and Stage I'V rainfall
as the observations. The eFSS is a quantitative proba-
bilistic verification measure of the spatial skill with a
score of 1 indicating perfect skill. As the neighborhood
increases, more ensemble members overlap or agree,
which led to higher eFSS scores from 0 to 27 km. The
eFSSs are higher than 0.5 for the three events at native
grid points (0-km neighborhood) for all thresholds. Not

a) Case 1: Murray & Carter Counties, OK
1.0 1.0

b) Case 2: Oklahoma County, OK

surprisingly, the eFSSs for all three events are high for
small rainfall thresholds and the value decreases as the
threshold increases.

b. Forecaster attention and expected actions

1) CASE 1: 19-20 MAY 2017

In the first hour of the case (2000 UTC), participants’
monitoring of the weather scenario altered notably after
viewing condition 3. Unlike in conditions 1 and 2, the
availability of 3-h probabilistic flash flood forecasts re-
sulted in seven participants attending to Murray/Carter
County locations (Figs. 6 and 7). It was not until the third
hour of the case (2200 UTC) when all data conditions
led at least some participants to express concern for the
flash flooding threat in Murray/Carter Counties. After
viewing condition 1 data at 2200 UTC, two participants
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FIG. 5. Ensemble fractions skill score (eFSS) as a function of rainfall thresholds (in. or mm) for 0-3-h rainfall ensemble forecasts valid at
(a) 0200 UTC 20 May 2017, (b) 0200 UTC 1 Jun 2013, and (c) 0400 UTC 26 Aug 2017. Details are shown in the legend.
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FIG. 6. Case 1: Anticipated participants’ actions based on analysis of (top) condition 1, (middle) condition 2, and (bottom) condition 3 data
at the top of each hour from 2000 UTC 19 May to 0300 UTC 20 May 2017 for the area highlighted in Fig. 5.

monitored the potential threat in this location, while an-
other also communicated the threat due to the increasing
signal in unit streamflow (Fig. 7). However, when pro-
vided with the probabilistic products in condition 2
for 2200 UTC, seven participants noticed very high
Prob_LSR reaching 100% and low Prob_USF_Minor
values of approximately 20%. This guidance resulted in
three participants stating they would have issued a flash
flood advisory and two participants stating they would
have communicated the threat via NWSChat (Fig. 7).
The 2200 UTC guidance in condition 3 led to a growing
concern for flash flooding in Murray/Carter Counties
compared to earlier forecasts after most participants
observed increasing trends in Prob_USF_Minor values
to 50% and Prob_USF_Mod values to 30%. Eight of the
nine participants acknowledged this potential threat,
resulting in expected actions that included two short-
fused FFAs (flash flood watches), three FFWs (one of
which escalated to a ““flash flood emergency”’), and three
communications of the threat to emergency managers
and/or the public (Fig. 7).

When viewing condition 1 over the next 2h (2300-
0000 UTC), only few participants noted a signal in the
unit streamflow product in Murray/Carter Counties.
While two participants reported they would issue
a FFW due to heavy rain moving through the area,
most participants’ attention was elsewhere (Fig. 7).
While viewing condition 2 for these same hours,
flash flood advisories from previous decisions contin-
ued, but participants did not pay specific attention to
Murray/Carter Counties. However, all participants
paid attention to this location when viewing condi-
tion 3 data for the 2200 UTC and 2300 UTC
forecasts. Participants reported impressive values in the
Prob_LSR, Prob_USF_Minor, Prob_USF_Mod, and
Prob_USF_Major products (Fig. 8), resulting in two
additional participants reporting they would have
issued a FFW (Fig. 7). Despite noticing increasing
probability values in condition 3 compared to earlier in
the case, three participants did not expect to take action
beyond monitoring the threat. One of these participants
questioned why the probability values declined during
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FIG. 7. Case 1: Anticipated participants’ actions based on analysis of (top) condition 1, (middle) condition 2, and (bottom) condition 3 data
at the top of each hour from 2000 UTC 19 May to 0300 UTC 20 May 2017 for the area highlighted in Fig. 6.

the third hour of WoFS-FLASH guidance (Fig. 8),
while another questioned the validity of the high
probability values.

By 0100 UTC, the flash flooding threat in Murray/
Carter Counties was apparent in all three data condi-
tions. It is also during this hour that the first flash
flooding report was received (0155 UTC). Participants
that had not already decided that a FFW was warranted
did so when evaluating condition 1. Participants noted
““quick developing heavy rains’’ and a “‘sudden jump”’
in unit streamflow values exceeding 6m®s™'km >
(549ft*s 'mi~?) in some areas. In condition 2 at
0100 UTC, participants maintained their expected ac-
tion of FFW issuance but with lower confidence due to
the probabilities being lower than what condition 1 led
them to anticipate (e.g., Prob_USF_minor at 50%).
After viewing condition 3 for this same hour, four
participants noted that the flash flooding threat was
worst for the Murray/Carter County locations during
the 3-h forecast, and consequently expected they

would issue FFWs (Fig. 7). The remaining five par-
ticipants instead focused their attention where the
storm system was moving into ahead of Murray/Carter
Counties.

In the final 2h of the case (0200-0300 UTC), after
seeing increasing values in maximum unit streamflow in
condition 1 (Fig. 7), seven participants expected they
would have either issued updates to FFWs, communi-
cated the threat, or considered a flash flood emergency.
Anticipating that the weather conditions would further
deteriorate, six participants intended to take these ac-
tions primarily to elevate wording in messages. The
probabilities viewed in condition 2 during these last 2h
affirmed the need for most participants’ expected ac-
tions listed in condition 1. Unlike in conditions 1 and 2
however, participants’ attention in condition 3 during
0200-0300 UTC was focused on the eastward expansion
of the event. This shift in attention resulted in only
four of nine participants mentioning the threat in
Murray/Carter Counties during these hours, at which
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(i) Condition 3 (M) Condition 3

;

E

FiG. 8. Case 1: (a),(e),(i),(m) Prob_LSR (%), (b),(f),(j),(n) Prob_USF_Minor (%), (c),(g).(k),(0) Prob_USF_Mod (%), and
(d),(h),(1),(p) Prob_USF_Major (%) from QPE-FLASH in (a)—(d) (condition 2; valid 2300 UTC 19 May 2017) and WoFS-FLASH in
(e)—(p) (condition 3; valid 0000, 0100, and 0200 UTC 20 May 2017), respectively. The dashed white box in each panel is located over

Murray and Carter Counties.

time only two participants expected to update infor-
mation in current FFWs (Fig. 7).

2) CASE 2: 31 MAY-1 JUNE 2013

This case was completed by six of the nine partici-
pants, since it was only offered during the final 2 weeks
of the experiment. The greatest difference in partici-
pants’ attention and expected actions for Oklahoma
County occurred in the first hour of the case (2300 UTC;
Fig.9). When viewing conditions 1 and 2 data during this
hour, only one participant acknowledged the possible

threat in Oklahoma County (Fig. 9), and subsequently
decided to communicate the flash flooding threat on
NWSChat and in a social media post (Figs. 10 and 11).
The other five participants focused their attention
on rainfall occurring west and north of Oklahoma
County (Fig. 9). However, when viewing condition
3, all participants acknowledged the potential flash
flooding threat in Oklahoma County (Fig. 10). After
seeing probabilities of up to 100% Prob_LSR, 60%
Prob_USF_Minor, and 30% Prob_USF_Mod, five of
the six participants reported expectations that they
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FIG. 9. Case 2: As in Fig. 6, but for six forecasters from 2300 UTC 31 May to 0100 UTC 1 Jun 2013 for the area highlighted in Fig. 8.

would issue a FFW or communicate the threat (Fig. 10).
Two participants noted that the population center also
influenced these expected actions. Although the 3-h
probabilistic forecasts supported the likelihood of a
flash flood event occurring, four participants noticed
diminishing probability values in the third forecast
hour (Fig. 11), which reduced confidence in some
warning decisions. One participant said they ““wouldn’t
feel comfortable issuing a FFW at this point before it
starts raining in the metro,” and thus chose to only
monitor the area at this time.

Five of six participants acknowledged the growing
threat in Oklahoma County when looking at condition 1
in the second hour (0000 UTC; Fig. 10). Three of these
participants reported seeing unit streamflow values in-
creasing up to 3m’s 'km ? (274.5ft>s 'mi?) and
thought that FFWs were warranted. In contrast, one
participant did not think the unit streamflow values were
impressive, and therefore expected they would issue
a flash flood advisory for Oklahoma County (Fig. 10).
Two participants emphasized communications dur-
ing this hour (Fig. 10), including one use of more im-
pactful wording due to the concurrent tornado threat
that could possibly dominate the scenario. As partici-
pants moved on to viewing condition 2 for 0000 UTC,
they saw Prob_LSR values exceeding 90% and in-
creasing probabilities for minor and moderate flash
flooding. This guidance resulted in all participants pay-
ing attention to Oklahoma County, and two participants
elevated their expected actions from condition 1 (Fig. 10).

At this same hour for condition 3, all participants con-
tinued to pay attention to Oklahoma County, and those
that expected warning issuance in condition 2 also did
so in condition 3. One participant continued to only

31 May 2013 | June 2013

Condition |: Deterministic - QPE Onl
0000 UTC 0100 UTC

2300 UTC

Rrelec RNl NV, N

Condition 2: Probabilistic - QPE Only

2300 UTC 0000 UTC 0100 UTC

Condition 3: Probabilistic - QPE + QPF
2300 UTC 0000 UTC 0100 UTC

None Flash Flood Advisory
Threat Assessment/Moritoring I Fsh Flood Warning (FFW)

[
Communications—Publicartrers [ FFY Follow-Up Statement ]

Flash Flood Watch Flash Flood Emergency Consideration [

FI1G. 10. Case 2: As in Fig. 7, but from six forecasters from
2300 UTC 31 May to 0100 UTC 1 Jun 2013 for the area highlighted
in Fig. 9.
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FIG. 11. Case 2: As in Fig. 8, but from QPE-FLASH in (a)-(d) (condition 2; valid 2300 UTC 31 May 2013) and WoFS-FLASH forcing in
(m)—(p) (condition 3; valid 0200 UTC 1 Jun 2013), respectively. The dashed white box in each panel is located over Oklahoma County.

communicate the threat in condition 3, since the “threat
still needs to be backed up by nearer term trends in con-
vective evolution in observations” despite the 3-h forecast.

In the final hour of the case (0100 UTC), participants
viewing condition 1 observed higher unit streamflow
values exceeding 6m>s ™' km 2 (549 ft*s ' mi~?), which
led three participants who had not yet issued a FFW to
now issue one (Fig. 10). Additionally, two participants
that had already issued FFWs in condition 1 decided to
issue updates with enhanced wording about the dan-
gerous situation in Oklahoma City (Fig. 10). Most par-
ticipants’ perceptions of the flash flood threat shifted at
0100 UTC in condition 2 after viewing probability values
lower than what the deterministic guidance led them to
expect. This observation resulted in one participant
believing that their expected action of warning issuance
in condition 1 was now not warranted. By comparison, a
different participant stated that their decision to issue a

FFW was reinforced in condition 2 because of relatively
higher probability values in Oklahoma County com-
pared to surrounding areas. Additionally, decisions to
provide impactful wording in updates at 0100 UTC were
no longer made. Only one participant expected to
update a FFW to provide routine information (Fig. 10).
After viewing condition 3 at 0100 UTC, participants saw
decreasing probabilities over Oklahoma City in the 3-h
forecast; thus, their attention now shifted to the county
immediately to the south as the storm began to move
into this location. Unlike in the previous conditions, no
participants decided to issue an update (Fig. 10). One
participant planned to let their FFW expire, while an-
other contacted the emergency manager to let them
know when to expect improvements in the flash flooding
situation. The one participant who did not make a
warning decision at all in condition 2 or 3 explained that
the forecast probabilities “gave confidence that little
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FIG. 12. Case 3: As in Fig. 6, but from 0100 to 0300 UTC 26 Aug 2017 for two areas (northern and southern) highlighted in Fig. 11.

additional impactful heavy rainfall will occur,” and
therefore did not provide convincing evidence that flash
flooding would occur.

3) CASE 3:26 AUGUST 2017

The decision-making processes in the Hurricane
Harvey event occurred primarily within the first 3h
(0100-0300 UTC) of the case; thus, participants’ atten-
tion and expected actions are discussed for this period
only. The amount of attention given to the northern and
southern areas and the types of actions reported varied
most dramatically between all conditions in the first
hour of the case (0100 UTC; Figs. 12 and 13). All par-
ticipants focused their attention on the northern area for
conditions 1 and 2 (Fig. 12) and reported numerous
expected actions (Fig. 13). In condition 1, unit stream-
flow values up to 3m>s~'km 2 (274.5ft>s ' mi~?) and
QPE to FFG ratios (>200% ) prompted five participants
to decide FFWs were necessary, while two participants
decided to issue flood advisories (Fig. 13). Four of these
participants also communicated the threat via NWSChat
and social media. The remaining two participants only

monitored or communicated the threat in condition
1 (Fig. 13). When viewing condition 2 at 0100 UTC,
participants similarly focused their attention on the
northern area, but the probabilistic guidance caused a
handful of participants to revise expected actions at
this hour (Fig. 14). After seeing approximately 30%
Prob_USF_Minor flash flooding, one participant down-
graded their condition 1 expected actions of a FFW and
communication to only monitoring the threat; how-
ever, another upgraded their action due to seeing high
Prob_LSR values (Fig. 13). In both conditions 1 and 2
at 0100 UTC, participants paid little attention to the
southern area. Only three participants in condition 1 and
four participants in condition 2 either acknowledged the
potential flash flooding threat associated with the eye-
wall making landfall, decided a FFW was necessary, or
communicated the threat (Fig. 13).

When viewing condition 3 at 0100 UTC (Fig. 14),
participants’ attention and expected actions changed
considerably compared to conditions 1 and 2. While
seven of the nine participants continued to acknowledge
the threat in the northern area, only one participant
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FIG. 13. Case 3: Asin Fig. 7, but for two areas of interest (northern and southern areas) and from 0100 to 0300 UTC
26 Aug 2017 for two areas (northern and southern) highlighted in Fig. 12.

expected they would issue a FFW (Fig. 13). This change
in expected actions was due to participants observing a
decreasing trend in the areal extent of Prob_LSR values
(Fig. 14). As concern in the northern area reduced while
viewing the 0100 UTC condition 3 forecast, seven of the
nine participants now attended to the southern area.
Participants noted rainfall continuing throughout the
3-h forecast with elevated probabilities particularly
in the first 2h (e.g., 80% Prob_USF_Minor and
40% Prob_USF_Mod flash flooding along with 100%
Prob_LSR values; Fig. 14). Based on these observations,
five participants expected they would issue FFWs, one
thought a flash flood emergency was required, and
another issued an advisory. Three of these partici-
pants also decided to communicate the threat or issue
an update (Fig. 13).

When viewing conditions 1, 2, and 3 data for 0200-
0300 UTC, participants generally maintained their ear-
lier perceptions of the flash flooding threat in the
northern area. However, two participants upgraded
their expected actions for this area in condition 1 at
0200 UTC (Fig. 13) after seeing QPE-to-FFG ratios up
to 600% and unit streamflow values up to 6m*s ™' km >
(549 ft* s~ mi~?). Three participants also upgraded their
expected actions at 0200 UTC in condition 2 (Fig. 13);
however, these participants were not convinced of the
flash flooding threat due to low Prob_USF_Minor
values. At 0300 UTC in condition 1, participants viewed
intense outer rainbands with continued high unit
streamflow and QPE-to-FFG ratio values, which re-
sulted in two participants citing the need for a flash flood
emergency and three participants issuing updates to
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FIG. 14. Case 3: As in Fig. 8, but from QPE-FLASH in (a)—(d) (condition 2; valid 0100 UTC 26 Aug 2017) and WoFS-FLASH forcing
in (m)-(p) (condition 3; valid 0400 UTC 26 Aug 2017), respectively. The dashed white lines in each panel outline the northern

and southern areas.

FFWs (Fig. 13). Participants did not however feel
that the low probabilities viewed in condition 2 at
0300 UTC were as suggestive of a flash flood threat.
The probabilistic guidance therefore resulted in fewer
participants elevating or updating warning informa-
tion (Fig. 13). When assessing the northern area
in condition 3 at 0200-0300 UTC, most participants
did not believe FFWs were required due to the con-
tinued low Prob_USF_Minor, Prob_USF_Mod and
Prob_USF_Major values; however, three participants
made decisions to either issue a watch or a FFW due

to seeing that the flooding threat was pushing further
inland (Fig. 13).

Participants’ expected actions for the southern area at
0200 UTC were generally similar across the three con-
ditions (Fig. 13). However, concern for the southern
area at 0300 UTC was slightly more elevated for a few
participants in conditions 1 and 2 compared to condition
3. This difference in concern was due to participants
initially seeing high precipitation likely to cause localized
major flooding as the eyewall moved inland. However,
when viewing condition 3, participants were generally less
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convinced of the major flash flooding threat due to the
lower than expected probability values throughout the
0300 UTC 3-h forecast. Finally, two participants paying
little to no attention to the southern area throughout the
duration of the case in all conditions either did not no-
tice this threat area until the final hour or focused their
attention entirely on the northern area throughout the
whole case.

c. Focus group summary

The focus group discussions first focused on partici-
pants’ perceptions of the probability flash flood products
used in conditions 2 and 3. All participants reported that
the Prob_LSR values were ‘‘too hot’’ while the stream-
flow exceedance probabilities of Prob_USF_Major,
Prob_USF_Mod, and Prob_USF_Minor did not appear
sensitive enough and needed to be ‘“‘tuned hotter.”
Although participants felt that improvements to these
products need to be made, value was found when the
Prob_LSR and Prob_USF threshold products were used
in combination with one another. Using this approach,
participants reported that the probability values influ-
enced their decision making if they were previously
undecided about whether a FFW was warranted or not
when using the deterministic guidance. Some partici-
pants identified flash flooding threats using their own
thresholds (e.g., 30%—-40% values for moderate flash
flooding), whereas others felt that they would develop
mental thresholds and baselines after working through
multiple cases. One challenge moving forward, as ap-
parent from the analysis of participants’ evaluations,
will be establishing consistency in how probabilities
are used to guide interpretation of hazardous threats.
Participants demonstrated numerous instances during
this study where the probabilistic guidance acted to ei-
ther confirm expectations or reduce confidence in the
occurrence of a flash flood event.

Participants were next asked how they envision the
WoFS-FLASH guidance (condition 3) adding value to
the warning decision process and communication of
flash flooding. Responses indicated that participants
were in consensus that the 3-h forecasts enabled them to
direct their attention to threat areas that were not
highlighted with the QPE-only driven data (conditions 1
and 2), which improved their overall situational aware-
ness of the possible impending impacts. Some partici-
pants expect the WoFS-FLASH guidance to increase
their confidence in the location of the impact rather than
the actual magnitude of the impact. Additionally, par-
ticipants anticipate the heightened situational aware-
ness gained from WoFS-FLASH guidance would
improve the decision support services they provide to
both specific end users (e.g., emergency managers) and
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to the general public. Some participants explained that
this guidance would also support resource management,
such as how many forecasters are needed on staff,
whether the River Forecast Center needs to extend their
operational hours for a certain event, and how workload
should be best spread among forecasters.

Earlier detection of locations likely to experience
flash flooding was evident in the evaluations obtained
from the three cases. Many participants expected to take
warning when using 3-h WoFS-FLASH guidance (con-
dition 3), but this finding was not consistent among all
forecasters. Therefore, when asked whether the proba-
bilistic WoFS-FLASH guidance would positively impact
FFW lead time, it was unsurprising to learn that par-
ticipants were not in consensus. One participant
explained that even if 3-h WoFS-FLASH guidance in-
dicated the potential for flash flooding, they would not
issue a FFW for a location if it was not yet raining. Other
participants expect the impact on warning lead time to
vary geographically and by storm type. Furthermore,
participants’ evaluations suggest that WoFS-FLASH
guidance may shift attention away from ongoing
threats, such that participants’ expected actions indi-
cated they were less likely to update current warnings
and instead spend time assessing downstream threats.

The extent to which participants trusted or had con-
fidence in the probabilistic products during the archived
cases was also discussed. Participants reported a variety
of reasons for increased confidence. Increased exposure
to the products as participants worked through the three
cases increased confidence. Additionally, participants
were more confident using the probabilistic products
during the convective cases rather than the tropical case,
and when using the data to report expected actions of a
watch versus warning issuance. Participants also re-
ported increased confidence when assessing the prob-
abilistic products closest to the time of model
initialization, and when considering the trend in
probabilities rather than the absolute values. Seeing
geographical clustering of high probability values also
improved confidence when interpreting a flash flooding
threat. Although most participants identified instances
when they felt confident using the probability products,
one participant explained that learning to trust new tools
is a “‘big deal” that would require viewing signals many
times in operations before feeling confident enough to
act on them.

5. Summary and future work

This study explores the application of the WoFS in a
hydrologic context for probabilistic flash flood fore-
casting during the 2018 HMT-Hydro experiment using
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three archived case studies. The participants analyzed
the potential impacts of ingesting 0-3-h WoFS QPFs
into the flash flood prediction process by utilizing several
experimental probabilistic flash flood products devel-
oped within the FLASH hydrologic modeling system.
The goal of this study was to identify how the probabi-
listic guidance products generated from the WOoFS-
FLASH system may enhance flash flood decision making
and communication during operations.

The participants’ evaluations of the coupled WoFS
and hydrologic modeling system show promise of
WoFS to enhance the decision-making process for
flash flood events. Participants’ threat assessment
and monitoring phases started earlier with the addi-
tion of WoFS forcing (condition 3) compared to the
QPE-only forcing (condition 2). In a number of in-
stances, participants reported expected actions of
warning issuance 1-3 h earlier when using the WoFS-
FLASH guidance (condition 3) compared to the
deterministic and QPE-only forcing guidance (con-
ditions 1 and 2). The participants’ expected actions
also suggest that the WoFS-FLASH probabilistic
products will result in earlier communication of flash
flood threats to the public and partners. These find-
ings suggest that WoFS-FLASH guidance will im-
prove decision making during real-time flash flood
events, and therefore motivate a subsequent study
that will simulate real-time flash flood warning op-
erations to examine measurable impacts on fore-
casters’ decisions.

Some participants did not issue FFWs earlier, due to
either a lack of confidence in the WoFS-FLASH system,
not believing the probability values were indicative of a
flash flooding threat, or being uncomfortable issuing
warnings before rain fell in the forecasted threat area.
Feedback from the participants also reveals biases in
experimental probability products. The magnitude of
the Prob_LSR products were generally perceived as
higher than expected while the Prob_USF_Minor
products were perceived as being too low for all three
conditions and therefore warrants further tuning of the
products. Therefore, numerous aspects of the model will
need to be demonstrated prior to forecasters establish-
ing trust with the output and using it to make real-life
actionable decisions. Understanding how probabilities
are calculated, and how they compare across prod-
ucts (e.g., what 50% means on LSR versus streamflow
exceedance probabilities) will be important for ensuring
that forecasters can effectively interpret and apply them
during their decision-making processes.

The findings from the 2018 HMT-Hydro experiments are
important for improving the probabilistic flash flood prod-
ucts, capturing initial impressions of the new probabilistic
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guidance, and forming expectations for how WoFS guid-
ance may influence operational decision-making during
flash flooding events within the FACETSs paradigm. The
lessons learned from the experiment provide a pathway
to advance the science and application of WoFS PQPFs
for operational hydrologic forecasts of flash flooding.
The flash flood predictions are dependent not only on
precipitation fallen on the ground but also on the char-
acteristics of the underlying land surface. Accurately
representing this coupled system is challenging and re-
quires further interdisciplinary research collaborations
between the meteorology and hydrology communities.
Future work will explore useful probabilistic guidance
products and optimization of those products for their
eventual use in NWS flash flood watch and warning
operations. Achieving progress in these areas will re-
quire not only basic research, but also collaborations
between researchers, practitioners, emergency managers,
and the public.
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